I maging studies of stroke often test new techniques for their ability to (a) reveal the location and extent of ischemic injury at early time points and (b) quantify the degree of damage that has occurred or may subsequently develop. In the simplest terms, this involves distinguishing normal from dead or injured tissue, usually defined histologically. In the field of MRI, characteristic changes in 1 H T2 relaxation and 1 H apparent diffusion coefficient (ADC) have been correlated with tissue viability after ischemic stroke. [1] [2] [3] [4] [5] Elevated 1 H T2 is considered the MR gold standard for infarction, and decreased 1 H ADC is considered an early marker of ischemic injury. However, the biophysical processes underlying the changes in T2 and ADC are incompletely understood. In addition, the temporal evolution of these signals can be dynamic, requiring one to account for variables such as the duration, depth, and elapsed time since ischemia to make the proper interpretation. 5, 6 All cells actively exclude sodium cations from the intracellular space. On cell death, Na ϩ can accumulate inside cells, resulting in an increase in bulk tissue Na ϩ content (given a source for additional Na ϩ ). Assuming an intracellular-toextracellular volume ratio of 4:1 7 and corresponding Na ϩ concentrations of 10 and 140 mmol/L, bulk Na ϩ concentration in rat brain is normally Ϸ40 mmol/L. After cell death, bulk Na ϩ concentration can approach extracellular levels, potentially resulting in an increase of Ͼ200%. In this study, we used a rat model of focal cerebral ischemia and performed a direct, longitudinal, morphological comparison between estimated 1 H T2 maps, estimated 1 H ADC maps, 23 Na images, and triphenyltetrazolium chloride (TTC)-stained sections. The hypotheses we tested were (a) that the abnormalities detected by 23 Na MRI are unique in comparison to the estimated 1 H T2 and ADC maps and (b) that the accumulation of Na ϩ is an unambiguous marker for dead tissue. High-resolution 23 Na imaging is relatively slow (see Imaging section). To remove the potentially confounding effect of inadequate temporal resolution from our study, we used a stroke model in which the Na ϩ abnormality developed slowly relative to the time required for data acquisition. Tandem occlusion of the right middle cerebral artery (MCAO) and both common carotid arteries (CCAs) for 30 minutes has been shown to produce cortical infarctions that develop over several days 8 (we refer to this as the "3-vessel MCAO"). On this time scale, despite the low 23 Na MR sensitivity and low mean Na ϩ tissue concentration, we could readily acquire 23 Na images at an adequate temporal and spatial resolution.
Materials and Methods

Surgery
Twenty-four male Long-Evans rats (Harlan Bioproducts), weighing 250 to 300 g, were subjected to 3-vessel MCAO. 8 Anesthesia was induced by intraperitoneal injection of 400 mg/kg chloral hydrate, and fiberoptic probes (Luxtron Corp) were placed in the rectum and right nares for detection of body and head temperatures. A LabView "Virtual Instrument" (National Instruments) independently controlled temperature in both channels. Body temperature was maintained at 37°C with an electric heating pad, and head temperature was maintained with heat from a light bulb. Both CCAs were isolated through an incision in the neck. Next, under a dissecting microscope, the right MCA was visualized through a split in the temporalis muscle, and a burr hole was drilled at the junction of the zygomatic arch and squamous bone. A No. 1 Sundt AVM Micro-clip (Johnson and Johnson Professional, Inc) 9 was placed on the distal MCA near the junction with the inferior cerebral vein, and microaneurysm clips (Roboz Surgical) were placed on both CCAs. Before occlusion, head and body temperatures remained the same without heating of the head, but after occlusion, head temperature dropped quickly. During ischemia, heat from the incandescent bulb was required to maintain head temperature, which we set at 36°C ( Figure  1 ). All clamps were removed after 30 minutes. During this procedure, the site of MCAO was observed through the microscope to visually verify refilling of the artery. All procedures were conducted in accordance with protocols approved by the Washington University Animal Studies Committee.
Imaging
Images were acquired at 4.7 T (Oxford Instruments and Varian, Inc) with a 3-cm-diameter, 1 H and 23 Na double-tuned birdcage coil. The animals were anesthetized with halothane (1.5% in O 2 ), and body temperature was maintained at Ϸ37°C with a heated water pad. The head was restrained within the radiofrequency coil at the teeth and ears. Six animals were killed at each end point of 0.5, 1, 2, or 14 days after reperfusion, and the imaging was performed at each available time point of 0.5, 1, 2, 3, 5, 7, and 14 days. 23 Na images were acquired with a 3D gradient echo sequence. Data for this experiment were acquired over a period of several months, during which time we optimized our acquisition parameters. Before optimization, 13 animals (of 24) were scanned with a voxel size of 0.55ϫ0.80ϫ2.5 mm 3 (1.1 L), with TEϭ2 ms, TRϭ40 ms, flip angleϭ65°, and bandwidthϭ50 kHz. Imaging time was 1 hour, 57 minutes for 125 repetitions. After optimization for maximum signal-to-noise per unit time, the remaining 11 animals were scanned with a voxel size of 0.55ϫ0.55ϫ2.5 mm 3 (0.76 L) with TEϭ5 ms, TRϭ20 ms, flip angleϭ45°, and bandwidthϭ8 kHz. 
Histopathology
On the predetermined day of euthanasia, the rats were administered 400 mg/kg IP chloral hydrate and underwent transcardiac perfusion with PBS. The brains were removed and frozen in a cutting block with polyvinyl alcohol/polyethylene glycol embedding medium (Sakura Finetek), after which they were cut into 2-mm-thick coronal sections and incubated for 10 minutes at 37°C in 2% TTC (Sigma) in PBS. Stained sections were placed on a Petri dish such that the larger of the 2 surfaces was face down. Twenty-four-bit color images of these surfaces were acquired at 300 dots per inch with a flatbed scanner (Hewlett Packard).
Data Analysis
To segment the color images of the TTC-stained brain sections, we used the semiautomated algorithm devised by Goldlust et al, 10 with the Metamorph image analysis package (Universal Imaging Corp). Images in Figures 2 , A through C, are shown with their segmentation results. TTC-defined infarct volume was normalized to total ipsilateral cortical volume, measured manually with Adobe Photoshop (Adobe Systems Inc).
MRI analysis was performed with functions written to run within the Image Browser analysis package (Varian, Inc). T2 maps were estimated from the variable TE images with a 2-point, voxel-byvoxel fit to the equation
where TE 1 ϭ10 ms, TE 2 ϭ60 ms, and S 1,2 refers to the signal intensities in the 2 images. Similarly, ADC maps were estimated from the variable b-value images with a 2-point, voxel-by-voxel fit to the equation
where b 1 ϭ0 s/mm 2 and b 2 ϭ1193 s/mm 2 . The 23 Na images and calculated ADC and T2 maps were then segmented. We first manually delineated the ipsilateral and contralateral cerebral hemispheres. Our segmentation algorithm then extracted the volume of "abnormal voxels" in 2 steps. First, the images were smoothed with a blurring filter, and the algorithm compared homologous locations in the 2 hemispheres in search of a seed point within the abnormality. The position yielding the largest percent difference in intensity between the 2 hemispheres was taken as the seed point. Next, a comparison of homologous voxels in the unfiltered images was performed, starting from the seed point and extending recursively in all directions. Voxels exhibiting a predefined minimum percent difference between the 2 hemispheres were labeled as "abnormal" and allowed the algorithm to continue. Otherwise, the search was terminated. We used a cutoff of 10% for the 1 H images and 40% for the 23 Na images (see Discussion). Segmentation results have been superimposed onto the sample images in Figure 2 , D through O. We normalized the abnormal volumes to total ipsilateral cortical volume, measured manually. Having determined the spatial extent of the abnormality, we recorded both its volume and the average percent difference between voxels within the abnormality and their homologous counterparts in the contralateral hemisphere Average % Differenceϭ 1
where n is the number of abnormal voxels, A i is the signal from the ith abnormal voxel, and N i is the signal from the homologous contralateral counterpart of the ith abnormal voxel. These segmentation procedures worked well, but the results were checked by eye, and obvious mistakes (such as the extraction of white matter tracts or ventricles) were corrected manually.
Statistical Analysis
The purpose of our statistical analysis was 2-fold. Within each data type, we first compared each time point with (a) the first scan (day 0.5), and (b) the previous scan. These comparisons indicated (a) when significant differences from our "close to baseline," 0.5-day measurements existed and (b) at what time point significant changes occurred. For the TTC-stained sections, we performed 1-way, between-group ANOVA, and for the MRIs we used 1-way, repeatedmeasures ANOVA with the "mixed procedure" of the SAS System (SAS Institute, Inc). This procedure accounted for the decreasing number of data points at progressively later time points as the result of animal euthanasia for histological study. We evaluated the differences between specific pairs of time points, and the probability values were adjusted for multiple comparisons. A value of PϽ0.05 was considered statistically significant. The final analysis that we performed was a comparison (paired t test) of the abnormality volume from each MRI type with the TTC-defined infarct volume at each time point of euthanasia.
Results
Figures 2, 3, and 4 provide sample images and summary data for the temporal evolution of the TTC-defined infarct and MRI abnormalities. The 30 minute, 3-vessel MCAO produced infarcts with consistent location, extent, and temporal development. However, in our hands, the rate of infarct development was somewhat faster than previously reported. 8 Of 24 rats, 3 were excluded. One animal from the 14-day group lacked a TTC-defined infarct. From the 2-day group, 1 animal died and 1 exhibited subcortical infarction. (These 3 animals were scanned with nonoptimized 23 Na imaging parameters.) Because of a spectrometer malfunction, the 0.5-day 23 Na image was not acquired for 1 rat from the 2-day group.
TTC-stained sections are shown in Figure 2 , A through C, and the evolution of TTC-defined infarct volume is shown in Figure 3A . Infarct size grew to Ϸ50% of the ipsilateral cortex over the first 2 days. On day 0.5, 1 animal of 6 exhibited a TTC-defined infarct. That fraction increased to half of the animals on day 1 and all of the animals on day 2. Statistical analysis revealed 2 salient results. First, days 2 and 14 were significantly different from day 0.5 (Pϭ0.002 and Pϭ0.003) but not from each other. Thus, infarct volume peaked by day 2. Second, the difference between days 1 and 2 was statistically significant, indicating that the majority of infarct growth occurred between these 2 time points with no significant changes thereafter (Pϭ0.016).
1 H T2 maps are shown in Figure 2 , D through G, and the evolution of the volume of tissue with prolonged T2 is shown in Figure 3B . Abnormality volume grew to 50% of the affected cortex over the first 2 days. On day 0.5, 5 of the 21 animals exhibited areas of increased T2. That fraction increased to 11 of the remaining 15 animals on day 1 and all remaining animals on day 2. Beyond 2 days, T2 contrast in the core of the abnormality normalized, decreasing abnormality volume considerably by day 5. T2 contrast began to return by day 14. Statistical analysis indicated that days 1, 2, 3, and 14 were significantly different from day 0.5 (PϽ0.0001, PϽ0.0001, PϽ0.0001, and Pϭ0.003). Changes in volume occurred on days 1, 2, and 5 (PϽ0.0001, Pϭ0.0002, and Pϭ0.0004). Thus, the abnormality grew the first 2 days, decreased in size between days 3 and 5, and reappeared by day 14. Finally, Figure 3C shows the average percent difference, over time, between abnormal voxels and their homologous counterparts in the contralateral cortex. Statistical analysis showed that whenever an abnormality was detected, the average change in T2 was fairly constant, with an overall average percent difference for all time points of ϩ33% (increase from 50 to 66.5 ms). 1 H ADC maps are shown in Figure 2 , H through K, and the evolution of the volume of tissue with abnormal ADC is shown in Figure 3D . Considering decreases in ADC first, abnormality volume grew the first 2 days to 50% of the ipsilateral cortex. On day 0.5, 15 of 21 animals had regions of decreased ADC, and by day 1, this was true of all remaining animals. Abnormality volume peaked on day 2, after which the ADC in the abnormal region normalized and ultimately evolved into increased ADC. Statistical analysis showed that days 1 and 2 were significantly different from day 0.5 (Pϭ0.013 and PϽ0.001). It is important to point out, however, that in contrast to TTC, T2, and 23 Na (as we shall see), there was a nonnegligible abnormality volume on day 0.5. Changes in abnormality volume occurred on days 1, 2, and 3 (Pϭ0.013, Pϭ0.002, and Pϭ0.002), consistent with the impression that abnormality volume peaks transiently. Figure  3E shows the average percent difference between abnormal voxels and their contralateral counterparts. A difference was found between days 0.5 and 1 (Pϭ0.043). Otherwise, the difference in ADC between voxels within the abnormality and their homologous counterparts was fairly constant, with an average percent difference for all time points of Ϫ23% (decrease from 0.65ϫ10 Ϫ3 to 0.5ϫ10 Ϫ3 mm 2 /s).
A similar analysis was performed for regions of abnormally high ADC. No abnormal volumes were detected until day 7. Statistical analysis showed that days 7 and 14 were different from day 0.5 (Pϭ0.0003 and PϽ0.0001), with the only change in volume found on day 7 (Pϭ0.028). Thus, the region of abnormally high ADC developed between days 5 and 7 and persisted through the second week.
Last, 23 Na images are shown in Figure 2 , L through O, and the evolution of the volume of tissue with abnormally intense 23 Na signal is shown in Figure 3F . Abnormality volume grew over the first 2 days to include 50% of the affected cortex. On day 0.5, 8 of 21 animals exhibited volumes of elevated 23 Na. That fraction increased to 12 of the remaining 15 animals on day 1 and all remaining animals on day 2. The 23 Na abnormality persisted for the length of our study. Statistical analysis showed that all time points from day 1 to 14 were different from day 0.5 (Pϭ0.002, PϽ0.0001, PϽ0.0001, PϽ0.0001, PϽ0.0001, and Pϭ0.0004), but changes in volume occurred only on days 1 and 2 (Pϭ0.002 and Pϭ0.0004). Thus, the abnormality volume grew for 2 days, then remained stable. Figure 3G shows the temporal evolution of the average percent difference between abnormal voxels and their contralateral counterparts. Differences were found between day 0.5 and days 2, 3, and 5 (Pϭ0.003, Pϭ0.018, Pϭ0.032), indicating a peak in contrast between 2 and 5 days that corresponded with the peak in the volume of abnormality and the peak in ipsilateral cortical volume (Figure 4) . The average percent difference for all time points was ϩ213%.
The data from Figure 3 , A, B, D, and F, are superimposed in Figure 5 . At the time points at which both TTC and T2 data were acquired (days 0.5, 1, 2, and 14), no statistically significant differences between the abnormality volumes were detected. However, assuming that tissue can never reverse its state of TTC staining, there was clearly a deviation on days 5 and 7. Comparing the volumes of abnormally low ADC with the TTC-defined infarct, we found significant differences on days 0.5, 1, and 14 (Pϭ0.0009, Pϭ0.02, and Pϭ0.003). The volume with low ADC was larger than the TTC-defined infarct size at the first 2 time points but still below its maximum volume. These 2 data types matched on day 2, and on day 14, there was no volume of abnormally low ADC despite the presence of infarct. Comparing the TTCdefined infarct with volumes of elevated ADC revealed a significant difference on day 2 (Pϭ0.028). The infarct reached maturity at that time point, but no regions of elevated ADC had developed. However, by day 14, the volume of elevated ADC grew to match the infarct volume. Finally, no difference was found between the volume of abnormally elevated 23 Na signal intensity and the TTC-defined infarct. Also, the shapes of the 23 Na MRI and TTC time courses were very similar. Figure 6 is a scatterplot of TTC-defined infarct volume versus the volume of tissue with abnormally elevated 23 Na signal intensity for each animal at the time point of euthanasia. Eight animals were killed before the detection of any abnormality (5 from the 0.5-day group and 3 from the 1-day group) and consequently fell on the origin. Linear regression yielded a slope of 1.0, y-intercept of 2.4%, and rϭ0.95, indicating a very strong correlation.
Discussion
We compared 1 H T2 maps, 1 H ADC maps, 23 Na images, and TTC-stained sections in a rat model of focal cerebral ischemia to test the hypotheses (a) that the abnormalities reported by 23 Na MRI are unique in comparison to 1 H T2 and ADC and (b) that the accumulation of Na ϩ is an unambiguous marker for dead tissue. These hypotheses were based on the notion that frank loss of the cellular electrochemical gradient and subsequent equilibration of Na ϩ into the intracellular space is synonymous with cell death. Although we have not made independent measurements of tissue sodium concentration (TSC) to calibrate our images, the use of 23 Na MRI for quantitative TSC mapping is well established. 11 In particular, Thulborn et al 12 have estimated that a TSC of Ϸ55 mmol/L is indicative of tissue that can be preserved with reperfusion, whereas a TSC Ͼ70 mmol/L is indicative of infarction.
Na Images
Without Na ϩ delivery, total Na ϩ content must remain constant. Equilibration of Na ϩ into the ischemic region depends on (a) the rate of diffusion and (b) the distance to the source. Assuming flowing capillary blood to be an infinite source, we must consider both reperfused and unperfused tissue. For isotropic diffusion, r 2 /tϭADC In other words, the mean-squared displacement (r) per unit time equals the ADC. In saline, the ADC for Na ϩ is 50% to 60% smaller than for H 2 O. 13 Given that the 1 H ADC for H 2 O in rat brain is roughly 1ϫ10 Ϫ3 mm 2 /s, and assuming that the proportionality is maintained, we estimate the ADC for Na ϩ in vivo to be 0.55ϫ10 Ϫ3 mm 2 /s. In reperfused cortex, the average distance between active capillaries is 50 m, 14 and it would take Ϸ1 second for Na ϩ to diffuse into the intervening space. In unperfused cortex, the distance to the nearest collateral vessel is Ϸ0.5 mm, and it would take 8 minutes for Na ϩ to permeate the ischemic tissue. In humans, the distance to collateral vessels could be 1 cm, in which case the time for diffusion into the ischemic core would be 2 days. Thus, unlike our rat model, 23 Na MRI of human stroke must be interpreted with this potential time delay in mind.
An alternative interpretation of the increased 23 Na signal intensity is a change in MR relaxation. Either a decrease in 23 Na T1 or an increase in 23 Na T2 could also cause an increase in 23 Na signal intensity. However, on the basis of published values for 23 Na T1 and T2 [15] [16] [17] [18] [19] [20] and our finding that T1 of 23 Na is Ϸ60 ms for both normal and infarcted brain at 4.7 T (unpublished observation, 2000), this effect is unlikely. An alternative approach to this question is to measure 23 Na signal intensity after ischemia under circumstances in which total Na ϩ content remains constant (ie, complete global cerebral ischemia). In a gerbil model of global ischemia, Allen et al 21 demonstrated a decrease in signal intensity associated with injury. Similarly, we observed a 10% drop in signal intensity in rat after cardiac arrest (with the use of the same relevant MRI parameters as described herein; unpublished observation, 2000). Thus, changes in MR relaxation appear more likely to account for a decrease in 23 Na signal intensity. We thus attribute the increased 23 Na signal intensity to increased spin density.
Estimated 1 H T2 and ADC Maps
Our 2-point estimates of 1 H T2 and ADC with the fast spin-echo pulse sequence were nonquantitative relative measurements subject to measurement bias. However, this did not pose a problem because we followed changes in contrast over time, relative to the contralateral cortex. In addition, this method (a) removed the effects of radiofrequency inhomogeneity and T1 relaxation and (b) minimized scan time while producing results comparable to values found in the literature. Previously published results report normal T2 in rat brain to be 60 to 75 ms and normal ADC to be 0.6 to 0.7ϫ10 Ϫ3 mm 2 / s. 5, [22] [23] [24] We found T2 to be 50 ms and ADC to be 0.7 to 0.8ϫ10 Ϫ3 mm 2 /s. The discrepancy probably is due to a combination of measurement bias and the fact that our measurements were confined to the cortex.
One potential source of bias was the use of single-axis diffusion measurements. However, even though diffusion in the rat cortex is not isotropic, it has been reported that ADC maps sensitized along the body axis correlate well with both TTC-defined infarction and abnormalities defined by directionally averaged ADC values. 25, 26 There is also evidence that the difference in ADC between normal and infarcted tissue may be larger in this direction, resulting in greater sensitivity. 27 
Data Analysis
Regarding MRI, a potential source of bias was the cutoffs chosen to define abnormal versus normal voxels. We arrived at these values by plotting histograms of small cortical regions, as in Figure 7 . The voxel distributions were clearly bimodal, so we simply chose cutoffs to approximate the width of the distribution of normal voxels. Figure 3 (C, E, and G) shows that the average percent difference for each type of image was consistently larger than the chosen cutoff. From this, we can also conclude that although the addition of more data points in our calculated images would have decreased the amount of uncertainty, it is unlikely that this would have altered the conclusions of our study.
Because ipsilateral cortical volume varied over time (Figure 4) , a method to account for edema was required. The "indirect method," which has previously been used for ex vivo studies, calculates infarct volume from measurements of unaffected tissue: Abnormality volume equals contralateral hemisphere volume minus the volume of unaffected tissue in the ipsilateral hemisphere. 28 This method did not work well for our MRIs because (a) in vivo, swelling of the ipsilateral cortex distorted the contralateral hemisphere, and (b) swelling of the ipsilateral cortex did not always coincide with other imaging abnormalities (on day 0.5 in particular), resulting in "corrected" volumes less than zero. Thus, in lieu of this procedure, we calculated the percentage of ipsilateral cortex that was abnormal. This method accounted for edema as well as animal-to-animal variability in size. Regardless of the method of analysis chosen, the conclusions of this study remain the same. Figure 5 confirms that the temporal evolution of the abnormality detected on 23 Na MRI is different from that detected by 1 H T2 and ADC maps. The similarity in temporal evolution of the 23 Na MRI abnormality and the TTC-defined infarct volume, taken in conjunction with the correlation between the two for individual animals ( Figure 6 ), suggests that 23 Na MRI may be a reliable method for determining the volume of dead tissue in vivo. However, we cannot unequivocally assert that increased 23 Na signal intensity is an unambiguous marker for dead tissue. Further analysis of the spatial correlation between the TTC-defined and 23 Na MRI-defined abnormalities and the addition of various other stroke models is required.
Conclusions
The dynamics of the 1 H signals made them difficult to interpret without contextual information, the time after injury in particular. Similar animal studies have reported decreases in T2 contrast at late time points, but none demonstrated the biphasic behavior we observed, even when the time course extended beyond 2 weeks. 23 However, transient, subacute normalization of T2 contrast has been reported in cases of human stroke as the "MR fogging effect" 6 and has become the subject of further investigation in our laboratory. Because previous rat studies primarily used models of permanent ischemia, it is possible that reperfusion plays a role in this phenomenon.
In contrast to the simple notion that ADC should be low during the acute phase after ischemia, biphasic behavior of the ADC has been reported by several authors. 4, 5, 29 In particular, Li et al 5 have shown (in rats) that even though ADC drops immediately after the onset of ischemia, reperfusion after 30 minutes results in an immediate, full recovery of ADC followed by a subsequent secondary decrease roughly 12 hours later. Our results corroborate this finding. We did not obtain data during the period of ischemia, but we did observe a delayed appearance of regions of low ADC, which presumably corresponds with the secondary decline reported by Li et al. On the basis of our data, this secondary decline appears to be associated with the onset of cell death.
In conclusion, none of the imaging methods tested proved useful for predicting the final infarct volume before histopathological evidence of cell death. In other words, we had no early indication of the volume of tissue that was injured, still viable, but destined to die. Intraischemic measurement of ADC or perfusion-weighted imaging might have provided this information. However, we have shown that for time points up to 12 hours after a brief but severe episode of ischemia, 23 Na content, 1 H T2, ADC, TTC, and presumably perfusion-weighted imaging could all appear normal despite the subsequent development of infarction.
